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We identified a zebrafish homologue of Dickkopf-1 (Dkk1), which was previously identified in Xenopus as a Wnt inhibitor
with potent head-inducing activity. Zebrafish dkk1 is expressed in the dorsal marginal blastoderm and also in the dorsal
yolk syncytial layer after mid-blastula transition. At later blastula stages, the expression expands to the entire blastoderm
margin. During gastrulation, dkk1-expressing cells are confined to the embryonic shield and later to the anterior axial
mesendoderm, prospective prechordal plate. Embryos, in which dkk1 was ectopically expressed, exhibited enlarged
forebrain, eyes, and axial mesendoderm such as prechordal plate and notochord. dkk1 expression in the dorso-anterior
mesendoderm during gastrulation was prominently reduced in zebrafish mutants bozozok (boz), squint (sqt), and one-eyed
pinhead (oep), which all display abnormalities in the formation and function of the Spemann organizer and axial
mesendoderm. dkk1 expression was normal in these embryos during the blastula period, indicating that zygotic functions
f these genes are required for maintenance but not establishment of dkk1 expression. Overexpression of dkk1 suppressed
efects in the development of forebrain, eyes, and notochord in boz mutants. Overexpression of dkk1 promoted anterior
euroectoderm development in the embryos injected with antivin RNA, which lack most of the mesoderm and endoderm,
uggesting that Dkk1 can affect regionalization of neuroectoderm independently of dorso-anterior mesendoderm. These
ata indicate that Dkk1, expressed in dorsal mesendoderm, functions in the formation of both the anterior nervous system
nd the axial mesendoderm in zebrafish. © 2000 Academic Press
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Neural induction and patterning have been extensively
studied in Xenopus laevis. Several lines of evidence show
that the Spemann organizer proteins, Noggin, Chordin, and
Follistatin, antagonize BMP signaling, promoting dorsaliza-
tion of mesoderm as well as differentiation of neuroecto-
derm (Harland, 1994; Hemmati-Brivanlou et al., 1994; Sasai
and De Robertis, 1997; Sasai et al., 1994; Smith and Har-
land, 1992). It is less well understood, however, when and
by what mechanism anterior-posterior fates in the nervous
system are specified. A two-step model was proposed for
specification of anterior-posterior patterning of the nervous
system. In this model, neural induction is initiated by
1 To whom correspondence should be addressed. E-mail:
hirano@molonc.med.osaka-u.ac.jp.
138neural inducers that inhibit BMP signaling (“activation” or
“induction” step) and later a second signal provides poste-
rior specification to the induced neuroectoderm (“transfor-
mation” step) (reviewed in Sasai and De Robertis, 1997).
Transplantation of mesoderm from the lateral margin to the
animal pole of the zebrafish embryo leads to a transforma-
tion of forebrain progenitors into hindbrain-like structures,
suggesting that posteriorization signals for neuroectoderm
might be generated by nonaxial mesoderm (Woo and Fraser,
1997). Several candidates for such posteriorization signals
were proposed, such as Wnt, FGF, and retinoic acid (re-
viewed in Sasai and De Robertis, 1997).
On the other hand, positive signals for specification of the
anterior nervous system are also suggested. Conjugation of
Xenopus animal caps and dorsal lips from early gastrulae
was reported to activate the expression of forebrain markers
emx1 and emx2, but misexpression of Noggin alone is not
0012-1606/00 $35.00
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139Zebrafish Dkk1 in Head Developmentsufficient to activate their expression (Pannese et al., 1998).
Similarly, the avian young head process, equivalent to the
amphibian and zebrafish dorsal mesendoderm, was reported
to induce a GANF-expressing anterior neural plate, when it
is transplanted to the prospective epidermis. However,
Noggin alone is not sufficient for ectopic induction of the
anterior neural plate (Knoetgen et al., 1999). These data
suggest that an inductive signal other than BMP inhibitors
from the dorsal mesendoderm, including the gastrula orga-
nizer, may play a role in determining the fate of the
forebrain. Consistently, complete head structures are in-
duced by overexpression of Cerberus, which inhibits Wnt,
BMP, and Nodal signaling, or by coinjections of the Wnt
inhibitor Dkk-1 with BMP antagonists (Bouwmeester et al.,
1996; Glinka et al., 1998; Piccolo et al., 1999). Whereas
cerberus is expressed in the yolky endoderm in Xenopus
(Bouwmeester et al., 1996), its murine homologue
cereberus-like is expressed initially in the anterior visceral
endoderm (AVE) and later in the definitive endoderm, a
derivative of the node (Belo et al., 1997; Biben et al., 1998;
Pearce et al., 1999; Shawlot et al., 1998; Thomas et al.,
1997). dkk-1 is expressed in the organizer tissue and in the
anterior region of axial mesendoderm in Xenopus, and in
AVE and axial mesendoderm in mice (Glinka et al., 1998;
Pearce et al., 1999). These data suggest that signals from the
organizer or the extraembryonic tissues are involved in the
formation of the anterior neuroectoderm.
The zebrafish recessive embryonic lethal mutation bozo-
zok (boz) leads to defects in development of axial structures
(Fekany et al., 1999; Solnica-Krezel et al., 1996). boz, which
encodes the homeodomain protein Dharma, also identified
as Nieuwkoid, is expressed predominantly in the dorsal
extraembryonic yolk syncytial layer (YSL) and is thought to
be involved in the formation and/or function of the ze-
brafish Nieuwkoop center (Fekany et al., 1999; Koos and
Ho, 1998; Yamanaka et al., 1998). boz mutants fail to form
the embryonic shield, underscoring an essential function of
boz in the formation of the complete Spemann organizer
(Fekany et al., 1999). In boz mutants, the development of
forebrain and eyes is perturbed although the posterior
neural tissue develops (Fekany et al., 1999), suggesting that
the lack of the organizer may be responsible for defects in
the development of the anterior neuroectoderm.
The recessive lethal mutation in a squint (sqt) gene,
encoding a Nodal-related molecule, leads to fused eyes and
reduction of the prechordal plate and ventral diencephalon
(Feldman et al., 1998; Heisenberg and Nu¨sslein-Volhard,
1997). Double mutants for sqt and cyclops (cyc), which
encodes another Nodal-related molecule, lack most of the
mesoderm and endoderm (Feldman et al., 1998; Rebagliati
et al., 1998b; Sampath et al., 1998). In addition, one-eyed
pinhead (oep), which encodes a membrane-anchored EGF-
CFC family molecule (Zhang et al., 1998), was recently
shown to act as a cofactor for Nodal signals (Gritsman et al.,
1999). Zygotic oep mutants have fused eyes and lack
prechordal plate, floor plate, and endoderm (Schier et al.,
1997). Maternal-zygotic oep mutants display a phenotype
Copyright © 2000 by Academic Press. All rightsimilar to that of the cyc/sqt double mutants, characterized
by a nearly complete absence of mesoderm and endoderm
(Gritsman et al., 1999). These reports indicate that Nodal
signaling is requisite for the formation of mesoderm and
endoderm in zebrafish, as demonstrated for mouse nodal
(Zhou et al., 1993).
Here, we describe the identification and functional char-
acterization of the zebrafish Dkk1. dkk1 expression was
detected in the prospective dorso-anterior mesendoderm
and the dorsal YSL after MBT and in the anterior region of
axial mesendoderm, at later gastrulation. Misexpression of
Dkk1 in wild-type embryos resulted in enlargement of the
anterior nervous system. Expression of dkk1 in the dorso-
anterior mesendoderm during gastrulation depended on
boz/dharma, sqt, and oep. Overexpression of Dkk1 pre-
vented defects in the forebrain and notochord in the boz
mutants. Overexpression of Dkk1 promoted anterior neu-
roectoderm development in the absence of dorso-anterior
mesendoderm. These results establish that Dkk1 promotes
the specification of anterior neural fates and the formation
of axial mesendoderm, acting downstream of boz/dharma
and Nodal signaling.
MATERIALS AND METHODS
Isolation of zebrafish dkk1. A fragment of the zebrafish dkk1
cDNA was obtained from a zebrafish late-gastrula stage cDNA by
a series of degenerative PCRs. The first PCR was conducted with
primers 59-TGyACnGArGAyGAnGAnTG-39 and 59-rTGyCky-
TGrCAnGTrTGyA-39, which correspond to CTEDDDC (Xenopus
KK-1 amino acid residues 75–81) and LHTCQRH (Xenopus
KK-1 amino acid residues 253–259), respectively. The resulting
roduct was amplified by the nested PCR with primers 59-AAy-
AyTGyAGCAAyGGnAThTG-39 and 59-AGnACnGGyTTrCA-
ATyTT-39, corresponding to the amino acid sequences, NYC-
NGIC (Xenopus DKK-1, 118–125) and KICKPVL (Xenopus
KK-1, 200–206), respectively (where n 5 A 1 C 1 G 1 T, y 5
C 1 T, r 5 A 1 G, k 5 G 1 T, h 5 A 1 C 1 T, and d 5 A 1 G 1
T). The resulting PCR fragment was confirmed by DNA sequenc-
ing. To isolate the entire coding region, the obtained fragment was
used to screen a lambda Ziplox cDNA late-gastrula stage library.
The cDNA in lambda Ziplox was converted into a plasmid (pZL1-
dkk1) by the Cre-Loxp recombination system according to the
manufacturer’s protocol. Zebrafish dkk1 cDNA was subjected to
DNA sequencing using an ABI 377 automated DNA sequencer
(deposited in a database DDBJ under Accession Number
AB023488). The resulting sequences were analyzed using the
alignment program in MacVector (version 6.0.1, Oxford Molecular
Ltd.). The cDNA libraries used for PCR and hybridization were
constructed from poly(A)1 RNA of late-gastrula-stage embryos (AB
strain embryos at 9 h postfertilization) using a Marathon cDNA
amplification kit (Clontech) and Superscript lambda system for
cDNA synthesis and l cloning (GIBCO BRL), respectively, accord-
ng to the manufacturer’s protocols.
Transcript detection and probes. Whole-mount in situ hybrid-
zation was performed principally as described in (Jowett and Yan,
996). To make a dkk1 antisense probe, pZL1-dkk1 was digested
with EcoRI, and anti-sense dkk1 RNA was synthesized using SP6
RNA polymerase and digoxigenin-labeled UTP. BM purple AP
s of reproduction in any form reserved.
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140 Hashimoto et al.(Boehringer-Mannheim) was used as an alkaline phosphatase (AP)
substrate. The expression of six3, otx2, pax2.1, krox20, no tail,
hgg1, goosecoid, axial, and chordin RNAs was detected as de-
scribed in (Oxtoby and Jowett, 1993) (Kobayashi et al., 1998;
Miller-Bertoglio et al., 1997; Mori et al., 1994; Thisse et al., 1994;
amanaka et al., 1998). six3, otx2, pax2.1, krox20, hgg1, and
hordin were generous gifts from M. Kobayashi, M. Mishina, H.
akeda, T. Jowett, C. Thisse, and M. E. Halpern, respectively.
ictures were taken using an AxioPlan-2 microscope (CarlZweiss)
nd an HC-2500 3CCD camera (Fuji Film). The figures were
ssembled using Adobe Photoshop, version 5.
Constructs and RNA and DNA injections. To construct the
xpression plasmid for dkk1 (pCS2-dkk1), the dkk1 cDNA frag-
ent was excised from pZL1-dkk1 with EcoRI and XhoI and
inserted into pCS21 vector (Turner and Weintraub, 1994). The
expression vector for Wnt8b was also constructed by insertion of a
wnt8b cDNA fragment from pT7Ts-wnt8b to the HindIII, BamHI
sites of pCS21 (pCS2-wnt8b). pCS2-lacZ was previously described
(Turner and Weintraub, 1994). pT7Ts-wnt8b was a kind gift from
Dr. R. Moon (Kelly et al., 1995). The expression vector for squint
was described previously (Rebagliati et al., 1998a) and a generous
gift from Drs. M. Rebagliati and I. Dawid. pCS2-antivin was
previously described (Thisse and Thisse, 1999) and a kind gift from
Drs. C. Thisse and B. Thisse. To synthesize mRNA for dkk1,
pCS2-dkk1 was linearized with NotI and 59-capped RNAs were
synthesized in vitro using SP6 RNA polymerase. Synthetic RNAs
and plasmid DNAs were prepared in 0.2 M KCl with 0.2% phenol
red and injected into 1- to 8-cell-stage embryos using a PV839
Pneumatic PicoPumb (WPI) (Yamanaka et al., 1998).
Zebrafish strain and maintenance. The wild-type zebrafish
strain used in this study was AB. The bozm168 and sqtcz35 null alleles
ere used for analysis of boz and sqt mutants, respectively (Feld-
an et al., 1998; Solnica-Krezel et al., 1996). For the analysis of the
oep mutants, oeptz57 allele was used in the AB/Tu¨bingen genetic
ackground (Hammerschmidt et al., 1996; Zhang et al., 1998).
Genotype analysis. Restriction fragment polymorphism anal-
sis for bozm168 was performed as described previously (Fekany et
al., 1999). Briefly, a 312-bp dharma fragment was amplified from
genomic DNAs of embryos by PCR with the primers Dha39 and
Dha350R (Fekany et al., 1999). The genotype analysis of the sqtcz35
allele was performed as described previously (Feldman et al., 1998).
For the genotype analysis of the oeptz57 mutants, we constructed the
CR primers, Oep5, 59-GAGATGGAGATGTTCTAATG-39;
ep3m, 59-GAACAGTTGACTCGTCAC-39; and Oep3w, 59-
AACAGTTGACTCGTCAT-39, based on the previous report
Zhang et al., 1998). Oep3m and Oep3w were designed to recognize
the mutation of the oeptz57 allele and the wild-type allele, respec-
ively, and Oep5 recognized both alleles. The mutant and the
ild-type alleles could be amplified by PCR with the combinations
f Oep5 and Oep3m and Oep5 and Oep3w, respectively. Fixed and
tained embryos were lysed with 20 mg/ml proteinase K at 55°C
vernight, and the lysates were subjected to PCR.
RESULTS
Isolation of Zebrafish dkk1
We isolated zebrafish dkk1 cDNA by a combination of
degenerative PCR and hybridization. The obtained cDNA
Copyright © 2000 by Academic Press. All rightontained a 1139-bp fragment, and the deduced amino acid
equence displayed the strongest sequence similarity to
enopus and mouse Dkk-1 (Glinka et al., 1998). Sequence
nalysis of the zebrafish dkk1 cDNA revealed an open-
eading frame of 240 amino acid residues, that exhibited
7% overall identity at the amino acid level with the
enopus protein (Fig. 1). Although sequence similarities
etween zebrafish Dkk1 and Xenopus, mouse, or human
kk-1 (Fedi et al., 1999) are weaker than those among
enopus, mouse, and human (70–75% identity), consider-
ng the expression pattern and the function (see below), the
ebrafish dkk1 is a likely ortholog of the Xenopus, mouse,
nd human dkk-1 genes. Both Xenopus Dkk-1 and zebrafish
kk1 contain two cystein-rich domains, exhibiting 69 and
3% sequence identity, respectively. The carboxy-terminal
RD had a sequence similarity to a part of colipase, thought
o be involved in a lypophilic interaction with the mem-
rane (Aravind and Koonin, 1998). The conserved residues
etween colipases and the related molecules were also
bserved in both zebrafish Dkk1 and Xenopus Dkk-1 (Fig. 1).
Expression of dkk1 during Embryogenesis
Maternally deposited dkk1 mRNA could not be detected
by either in situ hybridization or RT-PCR (data not shown).
dkk1 transcripts were first detected by whole-mount in situ
hybridization soon after MBT in the blastoderm margin on
one side of the blastoderm (Fig. 2A). At the sphere stage, the
expression was also detected in the YSL (Figs. 2B, C)
underlying the marginal blastoderm expression domain.
Simultaneous detection of dkk1 and goosecoid (gsc) mR-
NAs revealed the expression of dkk1 in the dorsal side (data
not shown). At the dome-to-30% epiboly stage, dkk1 ex-
pression spread through the entire blastoderm margin (Figs.
2D, E, F, G). However, at the onset of gastrulation (shield
stage), only two distinct dkk1-expressing domains were
detected in the right and left sides of the embryonic shield
(Figs. 2H, I). During gastrulation, dkk1-expressing cells
were located along the right and left sides of the anterior
axial mesendoderm (Figs. 2K, L). At late gastrulation, the
two expression domains became fused at the anterior edge
of the prospective prechordal plate (Fig. 2M). Sagittal sec-
tions further revealed that dkk1 expression in the embry-
onic shield was detected in a subregion of involuted mes-
endoderm (Fig. 2J) and in cells located at the leading edge of
the mesendoderm during gastrulation (Fig. 2O). At this
stage, dkk1 transcripts were also detected in the lateral
plate mesoderm, in the ectoderm overlying paraxial meso-
derm, and in the tail region (Figs. 2M, N). In addition, at the
segmentation stage, dkk1 exhibited a dynamic expression
pattern in the anterior neuroectoderm (Figs. 2R1–6). Ini-
tially, at the 5-somite stage, dkk1 transcripts were detected
in both the anterior and the posterior sides of the mid-
hindbrain boundary (MHB, Fig. 2R1). Subsequently, dkk1
expression was detected in two domains, posterior to the
eye region and in the optic vesicle, whereas at the 15-somite
stage, dkk1 expression was limited to the optic vesicle (Fig.
s of reproduction in any form reserved.
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141Zebrafish Dkk1 in Head Development2R6). At 24 h postfertilization (hpf), dkk1 transcripts were
detected in the lens, otic vesicles, and fin folds (Figs. 2S–V).
Dkk1 Misexpression Results in Enlargement
of Forebrain and Eye
To investigate the role of Dkk1 during development, we
injected synthetic dkk1 RNA in wild-type embryos. When
5 pg of dkk1 RNA was injected into 1- to 8-cell-stage
embryos, at 24 hpf 83.7% of the embryos displayed head
and eyes that were twice or three times bigger than those of
FIG. 1. Structure of zebrafish Dkk1. Alignment of the deduced am
ntroduced for optimal alignment. The amino acids identical betwe
re underlined. The amino acids conserved between colipase and Dthe uninjected control embryos (Fig. 3B and Table 1). When 3
Copyright © 2000 by Academic Press. All right5 pg of the RNA was injected, all the embryos contained
n enlarged head and eyes and about 20% lacked somites
Fig. 3A and Table 1). Similar phenotypes were observed in
he embryos injected with a CMV-driven dkk1 plasmid
pCS2-dkk1) but not a control plasmid (pCS-lacZ) (Table 1).
his indicated that expression of Dkk1 after MBT can
esult in enlarged forebrain. Although the dkk1 RNA-
njected embryos had large heads and eyes at 24 hpf, at 3
ays postfertilization (dpf) their head size was relatively
ormal compared to uninjected embryos (Fig. 3C). In the
kk1 RNA-injected embryos, the length of the anterior-
osterior axis was shorter than that in control embryos (Fig.
acid sequences of zebrafish Dkk1 and Xenopus Dkk-1. Gaps were
th species are boxed. The cystein-rich domains (CRD1 and CRD2)
families (in the carboxy-terminal CRD) are shadowed.B), indicating that misexpression of dkk1 perturbed at
s of reproduction in any form reserved.
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142 Hashimoto et al.FIG. 2. Expression of dkk1 mRNA during development. (A) High-stage, lateral view, dorsal to the right. (B, C) Sphere stage, lateral view,
dorsal to the right (B) and sagittal section (C). (D, E) The 30% epiboly stage, animal pole view, dorsal to the right (D) and dorsal view (E).
(F, G) The 50% epiboly stage, animal pole view, dorsal to the right (F) and lateral view, dorsal to the right (G). (H, I, J) Shield stage, animal
pole view, dorsal to the right (H), lateral view, dorsal to the right (I), and sagittal section (J). (K, L) The 65% epiboly stage, lateral view, dorsal
to the right (K) and dorsal view (L). (M, N, O) The 90% epiboly stage, animal pole view, anterior to the top (M), dorsal view (N), and sagittal
section (O). (P, Q) Midsegmentation stage, lateral view, dorsal to the right (P) and animal pole view, anterior to the left (Q). (R1–6)
Segmentation stage, lateral views, anterior to the left. dkk1 (purple) and eng3 (red) expression. Arrow heads (1–4) indicate expression
omains of dkk1. R1, 5-somite stage; R2, 7-somite stage; R3, 9-somite stage; R4, 11-somite stage; R5, 13-somite stage; R6, 15-somite stage.
S, T, U, V) 24 hpf, lateral view with dorsal right (S), animal pole view of forebrain region (T) and hindbrain region (U), and lateral view of
ail region (V). epi, epiblast; hp, hypoblast; YSL, yolk syncytial layer.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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143Zebrafish Dkk1 in Head Developmentleast extension movement during gastrulation. The short-
ened axis phenotype was not removed at 3 dpf (Fig. 3C).
Developmental defects caused by dkk1 RNA injections
were further analyzed by whole-mount in situ hybridiza-
tion with mesendodermal and anterior neural markers (Fig.
4). In the dkk1 RNA-injected embryos at the shield stage (6
hpf), expression domains of the dorsal mesendodermal
markers such as chordin (din), gsc, and axial (axl) were
expanded, although expression of the pan-mesodermal
marker no tail (ntl) appeared normal (Fig. 4A). Accordingly,
at the 90% epiboly stage (9 hpf), expression domains of hgg1
and gsc marking the prechordal plate were also enlarged
(Fig. 4B). Neuroectodermal six3 and otx2 expression do-
mains, marking the prospective forebrain and forebrain and
midbrain, respectively, were expanded at the 90% epiboly
stage (9 hpf) in the dkk1 RNA-injected embryos (Fig. 4B). In
contrast, expression of pax2.1 and fgf8 marking the MHB
was reduced or could not be detected in the dkk1 RNA-
injected embryos (Fig. 4B). The analyses indicated that
overexpression of dkk1 RNA caused expansion of dorsal
and axial mesendoderm and enlargement of anterior neural
tissue such as forebrain and midbrain, whereas it inhibited
formation of somites and MHB.
When the Wnt8b or Wnt8 expression plasmid was injected,
most of the embryos had no eyes, one eye, or small eye(s) (data
not shown). Coexpression of Dkk1 with Wnt8b suppressed
the phenotypes elicited by the Wnt8b plasmid (data not
shown), indicating that zebrafish Dkk1 antagonizes Wnt sig-
naling as reported for Xenopus Dkk-1 (Glinka et al., 1998).
boz/dharma Is Required for Maintenance of dkk1
Expression in Dorsal Mesendoderm
bozm168 is a recessive mutation that disrupts development
f axial tissues and forebrain with variable penetrance and
xpressivity (Fekany et al., 1999). We examined by in situ
TABLE 1
Effects of Misexpression of dkk1 on the Development of Head and
Phenotype Control
dkk1 RNA
5 25
Normal 96.9 4.8 5.9
Enlarged head 0 83.7 66.7
Enlarged head
without somites
0 8.4 18.8
Unknown defects 3.1 1.8 6.5
Dead 0 1.3 2.2
(n 5 32) (n 5 227) (n 5 186)
Note. Synthetic mRNA, a plasmid (pCS2-dkk1) for Dkk1, or a
8-cell-stage embryos. Phenotypes were scored by microscopic o
displaying indicated phenotypes. n, the number of samples tested.ybridization whether the expression pattern of dkk1 was
Copyright © 2000 by Academic Press. All rightaltered in the bozm168 mutants. For the analysis, we used
elatively young bozm168 heterozygous parents (2–3 months
old) of the AB background whose mutant progeny exhibited
abnormalities in the formation of eyes and forebrain (Fig. 6)
at a high incidence (more than 80% of the homozygous
embryos). Genotypes of embryos were determined retro-
spectively by RFLP analysis in the boz/dharma gene.
Expression of dkk1 in the dorsal blastoderm margin and
the dorsal YSL at the sphere stage (Fig. 5A) was not altered
in the bozm168 mutants. However, the expression in the
embryonic shield was greatly diminished in the boz mu-
tants in comparison with the wild-type embryos at the early
gastrula period (Fig. 5A). dkk1 expression in the prechordal
plate at the late-gastrula period was highly variable in the
boz mutants used in this report (data not shown), despite
the high penetrance of anterior nervous system deficien-
cies. In addition, injection of boz/dharma RNA elicited
expansion or ectopic expression of dkk1 in the blastoderm
margin at the shield stage (6 hpf, Fig. 5A). These results
indicated that the boz/dharma is not required for the
initiation of dkk1 expression but it is required for mainte-
nance of the dkk1 expression during the gastrula period.
Nodal Signaling Is Required for Maintenance
of dkk1 Expression in the Dorso-Anterior
Mesendoderm
To examine the roles of Nodal signals in dkk1 expression,
two zebrafish mutants sqtcz35 and oeptz57 were analyzed by
whole-mount in situ hybridization. sqt encodes a Nodal-
elated molecule with strong organizer-inducing activity,
hich is expressed in the dorsal marginal blastoderm, the
orsal YSL, and the forerunner cells (Erter et al., 1998;
eldman et al., 1998; Rebagliati et al., 1998a). The sqt
utants exhibit fused eyes and a reduced prechordal plate
Feldman et al., 1998; Heisenberg and Nu¨sslein-Volhard,
ites
Injected dose (pg)
pCS-dkk1 pCS-lacZ
100 5 25 100 25
0.8 2.7 1.9 0 100
4.1 51.4 35.2 0 0
10.6 27.0 33.3 0 0
52.0 8.1 24.1 12.9 0
32.5 10.8 5.6 87.1 0
5 123) (n 5 37) (n 5 54) (n 5 31) (n 5 25)
ol plasmid (pCS2-lacZ) was injected into one blastomere of 1- to
ation at 22–24 hpf. Numbers indicate percentages of embryosSom
(n
contr
bserv1997). one-eyed pinhead codes an EGF-CFC protein which
s of reproduction in any form reserved.
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144 Hashimoto et al.was shown to act as a cofactor for signaling of Nodals,
Cyclops, and Squint (Grisman et al., 1999). In both the
sqtcz35 and the oeptz57 mutants, expression of dkk1 in the
orsal marginal blastoderm and the dorsal YSL at the sphere
tage was normal, but the expression was reduced and could
ot be detected in the embryonic shield or late in the
FIG. 3. Effects of Dkk1 overexpression on zebrafish developmen
microscopic observation at 13 hpf (A), 24 hpf (B), and 3 dpf (C).
NA-injected embryos (middle and right) at 13 hpf (the 8-somite st
nd reduction and malformation of somites in the injected embryos
omites were not apparent. (B) Uninjected (left) and dkk1 RNA-inje
nlarged heads and eyes and shortened anterior-posterior axes. (C
ffected embryo; lower, severely affected embryo) at 3 dpf. Lateralnterior axial mesendoderm (Figs. 5B, C). Injection of sqt a
Copyright © 2000 by Academic Press. All rightNA elicited expansion or ectopic expression of dkk1 in
he blastoderm margin at the shield stage (Fig. 5B). In
ontrast, in embryos injected with synthetic RNA for
ntivin, an inhibitor of Activin and Nodals, which is also
dentified as Lefty1 (Bisgrove et al., 1999; Meno et al., 1999;
hisse and Thisse, 1999), the dkk1 expression was normal
he embryos injected with 25 pg of dkk1 RNA were analyzed by
ical phenotypes are shown. (A) Uninjected (left panel) and dkk1
or wild-type embryos). Dorsal views. Note expansion of notochord
pared to uninjected embryos. In severely affected embryos (right),
embryos (right) at 24 hpf. Lateral views. The injected embryos had
ninjected (top) and dkk1 RNA-injected embryos (middle, mildly
s.t. T
Typ
age f
, com
ctedt the sphere stage but its expression was abolished at the
s of reproduction in any form reserved.
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145Zebrafish Dkk1 in Head Developmentshield stage (Fig. 5B). The results indicate that Nodal
signaling is required for dkk1 expression at the gastrula
eriod, but not for its initiation at the blastula period.
Overexpression of Dkk1 Suppresses the Phenotypes
of bozozok Mutant
We examined if aspects of the boz phenotype could be
rescued by overexpression of Dkk1 in the boz mutants.
When 5 pg of dkk1 RNA was injected into 1- to 8-cell-stage
embryos, the embryos had separated eyes and forebrain
structures, but uninjected boz mutant embryos displayed
typical phenotypes, including absent eyes and a forebrain
FIG. 4. Overexpression of dkk1 RNA results in an enlargement o
25 pg of dkk1 RNA at 6 hpf (shield stage) exhibited an expanded
compared to an uninjected embryo (left panels). din, chordin; gsc, go
(right panels) at late-gastrula stages (90% epiboly), expression do
prechordal mesendoderm markers, hgg1 and gsc, were enlarged co
pax2.1 and fgf8, observed in prospective MHB of control embryos,(Fig. 6A and Table 2). Overexpression of dkk1 RNA also
Copyright © 2000 by Academic Press. All rightsuppressed defects in the development of notochord mor-
phologically (Fig. 6A and Table 2). The suppression of
notochord deficiency was also confirmed by expression of
ntl in axial mesoderm at the tail bud stage (Fig. 6B). These
data indicated that misexpression of dkk1 RNA was suffi-
cient to suppress chordamesoderm and anterior neuroecto-
derm deficiencies observed in boz mutants.
Dkk1 Directly Promotes Anteriorization
of Neuroectoderm
Overexpression of Dkk1 elicited enlargement of anterior
neuroectoderm and expansion of axial mesendoderm in
forebrain and axial mesendoderm. (A) The embryos injected with
ression domain of dorsal mesendodermal markers (right panels),
oid; axl, axial; ntl, no tail. (B) In embryos injected with dkk1 RNA
s of anterior neuroectoderm markers, six3 and otx2, as well as
red to uninjected siblings (left panels). In contrast, expression of
not detected in embryos injected with dkk1 RNA.f the
exp
osecwild-type embryos. It is not clear whether Dkk1 affects
s of reproduction in any form reserved.
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146 Hashimoto et al.FIG. 5. Maintenance of dkk1 expression depends on bozozok/dharma and Nodal signals. (A) dkk1 expression in dorsal marginal
blastoderm and dorsal YSL was detected at the sphere stage in both bozm168 heterozygous (left) and homozygous (right) embryos. dkk1
expression in the embryonic shield was observed at the shield stage in bozm168 heterozygous embryos (left), but could not be detected in
ozm168 homozygous embryos (right). When 5 pg of dharma RNA was injected to one blastomere (located in the lateral position) of 8-cell
tage embryos, about a half of the dharma RNA-injected embryos exhibited expansion of dkk1 expression in the dorsal side, and the rest
f them exhibited an ectopic expression of dkk1 at the shield stage (lower panel). Animal pole views, dorsal to the right. (B) dkk1 expression
as normal at the sphere stage in both sqtcz35 heterozygous (left) and homozygous (right) embryos. dkk1 expression in the embryonic shieldwas observed at the shield stage in sqtcz35 heterozygous embryos (left), but could not be detected in sqtcz35 homozygous embryos (right).
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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147Zebrafish Dkk1 in Head Developmentneuroectoderm directly or through modification of axial
mesendoderm. We addressed this issue by utilizing Antivin
to inhibit formation of the axial mesendoderm (Bisgrove et
l., 1999; Thisse and Thisse, 1999). When 5 pg of antivin
atv) RNA was injected to 1-cell-stage embryos, the em-
ryos lacked most of the mesoderm and endoderm except
he tail region, but contained a cyclopic eye as previously
eported (Fig. 7A) (Bisgrove et al., 1999; Thisse and Thisse,
1999). When 20 pg of dkk1 RNA was coinjected with 5 pg of
atv RNA, the embryos had enlarged head structures with
enlarged cyclopic eyes expressing six3, but did not have
axial mesendodermal structures (Fig. 7A). In situ hybridiza-
tion revealed that expression of gsc was absent in both atv
RNA and atv/dkk1 RNA-injected embryos in the early
gastrula (Fig. 7B). In contrast, the six3 expression domain
was expanded by coexpression of Dkk1, compared to em-
bryos injected with atv RNA alone (Fig. 7), indicating that
overexpression of Dkk1 could promote anterior neuroecto-
derm development in the absence of anterior mesendoderm.
These data suggest that Dkk1 promotes anterior neuroec-
toderm development directly rather than through inducing
expression of another molecule in the anterior mesendo-
derm.
DISCUSSION
Wnt Signaling and Head Induction
Wnt signaling has been extensively investigated (Cadigan
and Nusse, 1997). Binding of Wnt to Frizzled family recep-
tors is believed to trigger a cytoplasmic signal transduction
cascade, in which Dsh represses the serine/threonine ki-
nase GSK3 and phosphorylation-dependent degradation of
b-catenin. The Wnt signaling and consequent nuclear accu-
mulation of b-catenin have been implicated in key pro-
esses of early vertebrate development. First, the nuclear
ccumulation of b-catenin is essential for the formation and
unction of the Nieuwkoop center and dorsal-ventral axis
etermination, although Wnts by themselves might not be
nvolved in this process (Brown and Moon, 1998; Moon et
l., 1997a). Second, ectopic Wnt signaling posteriorizes
euroectoderm in Xenopus and zebrafish embryos (Kelly et
l., 1995; McGrew et al., 1995; Niehrs, 1999). Third, Wnt
nhibitors can repress Wnt-mediated posteriorization and
esult in anteriorization of neuroectoderm when overex-
ressed (Moon et al., 1997b; Niehrs, 1999). Similarly to
When 5 pg of sqt RNA was injected to one blastomere (located in t
embryos exhibited expansion of dkk1 expression in the dorsal side
the shield stage (sqt inj.). In contrast, dkk1 expression was detecte
embryos injected with 5 pg of antivin RNA (atv inj.). Animal pole vi
stage in both oeptz57 heterozygous (left) and homozygous (right) em
(90% epiboly stage) were detected in oeptz57 heterozygous embryos
Animal pole views, anterior to the right.
Copyright © 2000 by Academic Press. All rightecreted Wnt antagonists, such as Frzb-1, Sizzled, and FrzA
Leyns et al., 1997; Salic et al., 1997; Wang et al., 1997; Xu
t al., 1998), Dkk-1 antagonizes Wnt8, and its overexpres-
ion elicits an enlargement of head and eyes in Xenopus
mbryos (Glinka et al., 1998). Here we demonstrated that
verexpression of zebrafish Dkk1, a homologue of Xenopus
kk-1, antagonized zebrafish Wnt8 in vivo and anteriorized
he neuroectoderm in zebrafish embryos (Figs. 3 and 4). Our
ata suggest a conserved role of Wnt inhibitors in the
pecification of anterior neuroectoderm in zebrafish.
Notably, ventralized embryos were not observed after
njection with a range of doses of dkk1 RNA (Table 1),
upporting the idea that Wnt8s by themselves do not
articipate in axis formation in zebrafish. It was recently
eported that misexpression of a DN Frizzled A, which
unctionally interacts with Wnt8, ventralized zebrafish
mbryos, suggesting requirement of Wnt8 or related Wnts
or axis determination (Nasevicius et al., 1998). It is pos-
ible that a Wnt, other than Wnt8, that specifically inter-
cts with Frizzled A but not with Dkk1 may play a role in
orsal axis determination.
Previous reports suggested that repression of Wnt signal-
ng by a DN Frizzled-8 perturbed convergent-extension
ovements but did not alter the induction of anterior
eural tissue or inhibit somite formation in X. laevis
Deardorff et al., 1998). Overexpression of dkk1 also per-
urbed at least the process of extension during gastrulation
n zebrafish, since the dkk1 RNA-injected embryos had a
hortened anterior-posterior axis (Fig. 3). However, the
nhibition of convergent-extension movements cannot ex-
lain the strong induction of six3 transcript or expansion of
orebrain posteriorly that we observed. Therefore we con-
lude that Dkk1 functions in forebrain specification when
t is overexpressed.
Expression of Dkk1 at the Gastrula Period
Requires boz/dharma and Nodal Signaling
Previous genetic analysis of the boz mutants revealed
that the homeobox gene dharma is activated by b-catenin-
ediated signaling and acts at the top of a hierarchy of
ygotic genes that specify the zebrafish Spemann organizer,
orsal axial tissues, and anterior nervous system (Fekany et
l., 1999; Yamanaka et al., 1998). Similarly, Nodal signals
ere shown to be required for formation of the Spemann
rganizer. cyc/sqt double mutants, maternal-zygotic (MZ)
teral position) of 8-cell-stage embryos, about a half of the injected
the rest exhibited the ectopic expression in blastoderm margin at
the sphere stage, but could not be detected at the shield stage, in
dorsal to the right. (C) Expression of dkk1 was normal at the sphere
s. dkk1 transcripts in the embryonic shield and prechordal plate
) but could not be detected in oeptz57 homozygous embryos (D, F).he la
, and
d at
ews,
bryo
(C, Es of reproduction in any form reserved.
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148 Hashimoto et al.FIG. 6. Overexpression of dkk1 rescues the phenotypes of bozm168 mutants. (A) bozm168 homozygous embryos did not have anterior
neuroectoderm structures (b, left) or notochord (b, right). bozm168 homozygous (a) or wild-type embryos (c) injected with 5 pg of dkk1 RNA
had enlarged separated eyes and anterior neuroectoderm structures (left panels), and notochord (right panels). Animal pole views for head
region (left panels) and lateral views for trunk (right panels). (B) ntl expression was detected in dorsal midline at the tail-bud stage in the
bozm168 heterozygous embryos (a), but ntl expression domain stayed in the tail bud and ntl transcripts were not detected in dorsal midline
n bozm168 homozygous embryos (b). Shorter and wider ntl expression domain was detected in bozm168 heterozygous (c) and homozygous (d)
embryos injected with dkk1 RNA, compared to the heterozygous uninjected embryos (a).
FIG. 7. Overexpression of dkk1 promotes anterior neuroectoderm development in the absence of dorso-anterior mesendoderm. (A) Embryos
injected with 5 pg of antivin (atv) RNA lack most of mesoderm and endoderm except tail region, but contained a cyclopic eye (a). Embryos
oinjected with 5 pg of atv and 20 pg of dkk1 RNA displayed enlarged head structures (b) with an enlarged cyclopic eye (c) which expresses six3
n a higher level (e), compared to an eye in the atv RNA-injected embryos (d). (B) Expression of gsc in the embryonic shield was not detected in
ither the atv RNA-injected embryos (a) or the atv and dkk1 RNA-injected embryos (b), compared to uninjected shield-stage embryos (c). Animal
ole views, dorsal to the right. However, expression of six3 at 9 hpf was expanded in the atv and dkk1 RNA-injected embryos (e, g), compared
o the atv RNA-injected embryos (d, f). (d, e) Lateral views, dorsal to the right. (f, g) Dorso-anterior views.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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149Zebrafish Dkk1 in Head Developmentoep mutants, and atv RNA-injected embryos display a
severe phenotype, in which the embryos lack most of the
mesoderm and endoderm including the axial mesendoderm
(Fig. 7) (Feldman et al., 1998; Gritsman et al., 1999; Thisse
and Thisse, 1999). In these embryos, most of the genes
expressed in the Spemann organizer and axial mesend-
oderm could not be detected. Expression of dkk1 in the
embryonic shield was prominently reduced or could not be
detected in the boz, sqt, and oep mutants, and atv RNA-
njected embryos (Fig. 5). This suggests that dkk1 expressed
in the organizer acts downstream of boz/dharma and
Nodals. However, overexpression of Dkk1 did not rescue
prechordal mesendodermal deficiency when Nodal signals
were inhibited by Antivin (Fig. 7), suggesting that the
relationship between Dkk1 and Nodals may not be linear.
Dkk1 may act in parallel to Nodal signals.
Intriguingly, expression of dkk1 in the dorsal marginal
lastoderm and the dorsal YSL at the blastula period was
ot altered in boz, sqt, and oep mutant embryos and atv
RNA-injected embryos. The situation is similar to expres-
sion of boz/dharma, the expression of which is reduced at
the gastrula period but is not altered at the mid blastula
period in the boz mutants (Fekany et al., 1999). However,
misexpression of boz or sqt could elicit ectopic expression
f dkk1 at the shield stage (Fig. 5A, B). These data suggest
that expression of dkk1 in the dorsal blastoderm and the
dorsal YSL at the blastula period is regulated by a mecha-
nism different from that in the embryonic shield at the
gastrula period. Only the expression at the gastrula period
requires inductive signals from the dorsal YSL, which
depend on boz/dharma and sqt. Possibly, maternal func-
tions of these genes could contribute to the initiation of
dkk1 expression in the dorsal blastoderm and the dorsal
YSL at the blastula stages. Alternatively, the initial expres-
sion at the blastula period may be controlled directly
through b-catenin and TCF. The promoter analysis of the
TABLE 2
Misexpression of dkk1 RNA Rescues Phenotypes of bozm168 Mutan
Eyes
2 1/2 1
Control 15.6 5.2 79.2
(n 5 96)
dkk1 RNA-injected 0 0 100a
(n 5 135)
Note. Embryos were obtained by crossing heterozygous bozm168 pa
henotypes were scored at 24 hpf for eyes and notochords by micros
xpression of ntl was analyzed by whole-mount in situ hybridizatio
otochords represents partial formation of notochord in tail region
a Some of the embryos had an enlarged head and a shortened tai
b Shortened but thick stripe expression of ntl in axial mesodermdkk1 gene will clarify these points.
Copyright © 2000 by Academic Press. All rightDkk1 and Head Development
Dkk-1 is expressed in extraembryonic endoderm and also
definitive mesendoderm before and during gastrulation in
Xenopus and mice (Glinka et al., 1998; Pearce et al., 1999).
In zebrafish, dkk1 is expressed in both the extraembryonic
YSL and the dorso-anterior (axial) mesendoderm, which
becomes prechordal mesendoderm. When and where does it
act in the specification of anterior neural tissue—in the
extraembryonic YSL or in the axial mesendoderm, before or
during gastrulation? cyc/sqt double mutants, MZ oep mu-
tants, and atv RNA-injected embryos all lack axial mesen-
doderm, but still contain an eye and head structures, and
express anterior neural markers such as emx and six3
(Feldman et al., 1998; Gritsman et al., 1999; Thisse and
Thisse, 1999) (Fig. 7). In atv RNA-injected embryos, dkk1
expression in axial mesoderm was completely abolished,
but the expression in the dorsal marginal blastoderm and
the dorsal YSL at the blastula stage remained to be normal
(Fig. 5B). This raised the possibility that dkk1 expressed in
the dorsal blastoderm and the dorsal YSL at the blastula
period may be involved in forebrain specification. Dkk1,
which is expressed in the organizer in a boz and Nodal
signal-dependent manner, might collaborate with the ear-
lier Dkk1 signal to promote anterior neuroectoderm devel-
opment. In the Nodal-defect mutants, factors promoting
development of anterior neural fates from the dorsal mar-
ginal blastoderm, such as Dkk1, were reduced. However, it
is likely that posteriorizing signals may also be reduced,
since nonaxial mesoderm was diminished in these em-
bryos. It is possible that the changed balance of posterior-
izing signals and their inhibitors allows for relatively nor-
mal anterior-posterior patterning observed in these
mutants.
Expression of dkk1 was reduced in the boz mutants in a
manner similar to that of the embryos with defect in the
Notochord ntl at axial mesoderm
2 1/2 1 Reduced Normal
6.0 2.1 71.9 23.6 76.4
(n 5 96) (n 5 55)
0 0 100a 3.8 96.2b
(n 5 135) (n 5 53)
s. 2.5 pg of dkk1 RNA was injected into 1- to 8-cell-stage embryos.
c observation. The injected embryos were also fixed at 10.5 hpf and
/2” in eyes represents the formation of small eyes, and “1/2” in
mbers indicate percentages. n, the number of samples tested.
observed.ts
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wasNodal signaling. Why do the boz embryos but not the
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150 Hashimoto et al.embryos lacking the Nodal signaling display the anterior
defect phenotype? There are two possibilities that might
explain it. First, there may be quantitative or qualitative
differences in dkk1 expression during the late-blastula and
arly gastrula period in the boz mutants and Nodal-defect
utants. Second, the boz mutants may lack anteriorization
ignal(s) other than Dkk1, which is present in the Nodal-
efect mutants. In the MZ oep mutants, deficient in Nodal
ignaling, expression of chordin in the dorsal marginal
lastoderm at the early gastrula period was maintained but
t reduced levels (Gritsman et al., 1999) (data not shown for
tv RNA-injected embryos). In contrast, the boz exhibits
evere reduction of chordin expression in the early gastrula
L. S.-K., unpublished observation). Hence, lack of Wnt
nhibitors such as Dkk1 and BMP inhibitors may be respon-
ible for the head-defect phenotype. This is consistent with
he “two-inhibitor model” of head induction (Niehrs, 1999).
Role of Dkk1 in the Formation of Axial
Mesendoderm and Anterior Nervous System
Inhibition of Wnt signaling by a DN Wnt8, Frzb-1, or
Sizzled dorsalizes mesoderm and the Xenopus embryos
ctopically expressing these molecules contain decreased
omites instead of enlarged notochord (Hoppler et al., 1996;
eyns et al., 1997; Salic et al., 1997; Wang et al., 1997).
enopus Dkk-1 or the DN Wnt8 in combination with the
MP inhibitors elicits expression of prechordal plate mark-
rs in ventral marginal mesoderm explant (Glinka et al.,
998; Glinka et al., 1997). Overexpression of Dkk1 in
ebrafish also reduced myoD expression in paraxial meso-
erm (data not shown) and somite formation and expanded
otochord and prechordal plate (Figs. 3 and 4). However,
verexpression of Dkk1 did not elicit ectopic rescued of
xial mesendoderm. In supporting of this, overexpression of
kk1 did not affect the expression of cyc and sqt, which
ncode strong mesendodermal inducers, at late-blastula and
arly gastrula periods (data not shown). Only in the pres-
nce of Nodal signals and BMP inhibitors, Dkk1 may
romote notochord and prechordal formation. Furthermore,
verexpression of Dkk1 in the boz mutants rescued the
formation of notochord. These results suggest that Dkk1
expressed in the organizer may mediate the Nieuwkoop
center signals of boz/dharma and sqt to promote formation
of axial mesendoderm. Genetic analysis of dkk1 in ze-
brafish or mice will clarify the role of Dkk1 in axial
mesoderm formation.
The effect of overexpression of Dkk1 on neuroectoderm
was observed at the late-gastrulation period (Fig. 4) and
overexpression of Dkk1 promoted anterior neuroectoderm
development in the atv RNA-injected embryos, which lack
nterior mesendoderm (Fig. 7). These data argue that Dkk1
oes not promote anteriorization of neuroectoderm through
odifying axial mesoderm, rather it directly acts on neuro-
ctoderm. However, it still remains to be answered whether
kk1 is involved in the initial specification of anterior
euroectoderm or in the maintenance of a preexisting
Copyright © 2000 by Academic Press. All rightnterior specification program. Further analyses of dkk1
ith combinatory mutants of boz, cyc, sqt, and oep will
clarify this point.
In summary, our data provide evidence that Dkk1 pro-
motes the specification of anterior neural fates and the
formation of axial mesendoderm, acting downstream of
boz/dharma and Nodal signaling.
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